INTRODUCTION
To understand how cell fates are specified and how cells can be reprogrammed to new fates, it is important to define how chromatin states influence gene expression. Tissue-appropriate patterns of gene expression require that genes needed for tissue development reside in chromatin that can be accessed by transcription factors and transcribed by polymerases, while other genes must be kept in a repressed chromatin state. Two histone marks that are signatures of expressed and repressed chromatin are histone H3 trimethylated on Lys 36 (H3K36me3) and Lys 27 (H3K27me3), respectively. H3K36me3 is introduced cotranscriptionally upon passage of RNA polymerase II (Pol II) through genes; this mark can also be epigenetically maintained on genes in the absence of ongoing transcription (Furuhashi et al., 2010; Krogan et al., 2003; Li et al., 2003; Rechtsteiner et al., 2010) . H3K27me3 is a well-established mark of repressed chromatin that can be propagated in an epigenetic manner (Hansen et al., 2008; Lanzuolo et al., 2011; Margueron and Reinberg, 2011) . H3K36me3 and H3K27me3 marks generally occupy nonoverlapping regions of genomes (Ernst and Kellis, 2010; Kharchenko et al., 2011; Liu et al., 2011; this study) . The notion that these marks may regulate each other's distribution is supported by two types of evidence. First, prior methylation of H3K36 prevents methylation of K27 on the same histone tails in vitro (Schmitges et al., 2011; Yuan et al., 2011) . Second, Drosophila ash1 mutants, which are thought to be defective in H3K36 methylation, show spreading of H3K27me3 into and repression of the Ultrabithorax gene (Klymenko and Mü ller, 2004; Papp and Mü ller, 2006; Tanaka et al., 2007) . These in vitro and single-gene studies suggest that H3K36 methylation antagonizes H3K27 methylation, and that H3K27 methylation is otherwise a default modification. We sought to test this model in vivo on a genome-wide scale, and to examine the effects of removing H3K36me3 or H3K27me3, or both, on gene expression patterns.
The Caenorhabditis elegans MES proteins are essential chromatin regulators in germ cells (Capowski et al., 1991) . MES-2, MES-3, and MES-6 form the C. elegans version of the widely conserved Polycomb repressive complex 2 and generate repressive H3K27me3 (Bender et al., 2004; Ketel et al., 2005; . MES-4, a homolog of the vertebrate NSD proteins, generates H3K36me3 on genes expressed in the germline (Furuhashi et al., 2010; Rechtsteiner et al., 2010) . Loss of any of the four MES proteins causes germ cells to die. MES regulation is maternal-effect: maternally provided MES(+) product promotes development of a fertile germline, whereas absence of maternal MES(+) product leads to death of nascent germ cells and sterile adults (Capowski et al., 1991) . Previous studies focused attention on MES regulation of the X chromosomes. The X chromosomes in XX hermaphrodites and XO males are considered to be globally ''silenced'' during most stages of germ cell development. This is supported by the finding that histone marks associated with active gene expression decorate the autosomes but are not detected on the X chromosomes in mitotic, early meiotic, and spermatogenic germ cells, and by the low expression of X-linked genes compared with autosomal genes in dissected germlines (Kelly et al., 2002; Wang et al., 2009 ). Perhaps as a consequence of X repression, germline-expressed genes are significantly underrepresented on the X compared with the five autosomes (Reinke et al., 2004) . The MES proteins participate in X repression, as illustrated by the spread of marks of active chromatin to the Xs in immunostained mes-2, mes-3, and mes-6 mutant germ nuclei and the upregulation of X-linked genes in dissected mes-4 germlines (Bender et al., 2006; Fong et al., 2002) . The apparently similar involvement of the four MES proteins in X repression is puzzling given their strongly asymmetric distributions: MES-4 and H3K36 methylation are strikingly enriched on the five autosomes and nearly absent from the X, whereas MES-2/3/6-generated H3K27me3 is modestly enriched on the X (Bender et al., 2004; Bender et al., 2006; Fong et al., 2002) .
In this work, we explore how autosomally concentrated MES-4 and X-enriched MES-2/3/6 activity contribute to repressing the Xs, identify autosomal targets of MES regulation, and test the model that H3K36 methylation generated by MES-4 repels H3K27me3 from germline-expressed genes. Our findings reveal how antagonistic histone modifiers can shape genome organization and tissue-appropriate gene expression patterns, and lay the foundation for understanding how loss of MES regulation and the resulting altered chromatin landscape renders germ cells susceptible to conversion to somatic cells (Patel et al., 2012, this issue) .
RESULTS AND DISCUSSION
MES-4 and MES-2/3/6 Cooperate to Repress the X Chromosomes in the Germline To better understand when and how maternal MES(+) function promotes development of a functional germline, we determined how long maternally encoded MES proteins persist in the absence of zygotically produced protein. In confocal images, MES-2 and MES-4 persisted at easily detectable levels in the primordial germ cells of newly hatched L1 larvae, but were undetectable in L2 (MES-4) and L3 (MES-2) larvae ( Figure 1A ; Figures S1A and S1B). Their histone modifications became undetectable in L3 (H3K36me2) and L4 (H3K27me3) larvae. Quantification of immunostaining pixel intensity in L4 germ nuclei showed that MES-4 and H3K36me2 were reduced to 3.4% and 9.5% of wild-type (WT), respectively, in mes-4 mutants, and MES-2 and H3K27me3 were reduced to 1.3% and 1.9% of WT, respectively, in mes-2 mutants ( Figure S1C ). These results reveal that in homozygous mes mutants, maternal MES proteins and their histone modifications persist through activation of transcription in the primordial germ cells, commencement of germ cell proliferation in late L1s, and initiation of meiosis in L3s. The resulting adult germlines can produce oocytes and progeny but display compromised health (Capowski et al., 1991; ). These adult germlines provided an opportunity to examine the gene expression changes that follow larval loss of MES proteins and their methyl marks (Figure 1) .
We compared transcript accumulation in dissected germlines from mes-4, mes-2, and WT control adults. We previously compared mes-4 and WT germlines using amplicon microarrays (Bender et al., 2006) . For this study, we switched to long oligonucleotide microarrays, which were previously reported to have greater specificity than amplicon arrays while maintaining sensitivity (Zhu et al., 2005 ). An expression analysis of mes-4 mutant germlines on oligonucleotide arrays identified 276 significantly misregulated genes in mes-4 compared with WT (upregulation of 154 X-linked genes and 66 autosomal genes, and downregulation of 56 autosomal genes; Figure 1C ). To verify these and subsequent microarray results, we measured mRNA levels by quantitative PCR (qPCR) for a subset of genes (Table S1 ). An expression analysis of mes-2 mutant germlines identified 183 significantly misregulated genes in mes-2 compared with WT (upregulation of 16 X-linked genes and 142 autosomal genes, and downregulation of 1 X-linked gene and 24 autosomal genes; Figure 1C ). Thus, larval decline of maternal MES-2 led predominantly to upregulation of genes in the adult germline, consistent with the repressive role of MES-2 orthologs and H3K27 methylation in other systems (Kirmizis et al., 2004; Lee et al., 2006; Tolhuis et al., 2006) . Larval decline of maternal MES-4 also led predominantly to upregulation of genes, with a strong bias for upregulation of genes on the X.
To assess whether MES-2 and MES-4 influence expression of the same genes, we compared the X-linked genes misregulated in mes-2 and mes-4 mutants. Ten of the 16 upregulated genes in mes-2 mutants were also upregulated in mes-4 mutants ( Figure 1D ). Additionally, most of the X-linked genes that were significantly upregulated in mes-4 mutants showed some upregulation in mes-2 mutants even though they were not scored as significant. These results suggest that MES-4 and MES-2 cooperate to downregulate expression of some of the same Xlinked genes.
Although MES-4 and MES-2/3/6 catalyze antagonistic histone modifications, they both promote the development of healthy germ cells in a maternal-effect fashion. To investigate the interplay between MES-4 and the MES-2/3/6 complex, we analyzed double mutants. If they operate in the same pathway, we would expect double mutants to resemble single mutants. If they serve antagonistic roles in the same process, similar to Drosophila ASH1 and E(Z) (Klymenko and Mü ller, 2004) , double mutants might display a less severe phenotype than single mutants. If they control a common process via parallel pathways or control different processes, we would expect double mutants to display a more severe phenotype than single mutants. We observed the latter case: mes-2; mes-4 and mes-3; mes-4 double mutants displayed sterility a generation earlier than single mutants (Figures 1B and S2) . As a control, mes-2; mes-3 double mutants resembled the single mutants. Sterile mes-2; mes-4 and mes-3; mes-4 double mutants displayed a range of germline phenotypes (Figure S2) ; 33% possessed a well-proliferated and healthyappearing germline, which gave us an opportunity to examine gene expression in germlines lacking both MES-2 and MES-4. This analysis identified 464 misregulated genes in mes-2; mes-4 compared with WT (upregulation of 210 X-linked genes and 177 autosomal genes, and downregulation of 3 X-linked genes and 74 autosomal genes; Figure 1C ). Compared with mes-4 single mutants, the mes-2; mes-4 double mutants upregulated more genes on the X and showed elevated upregulation of X-linked genes ( Figure 1E ). Thus, even though MES-2/3/6 and MES-4 operate independently of each other ), they cooperate at some level to repress expression of genes on the X.
MES-4 and MES-2/3/6 Promote Gene Expression Patterns Appropriate for Germ Cells
Because misregulation of gene expression in mes mutant germlines is likely to contribute to sterility, an important question is whether particular classes of genes are misregulated. We categorized genes according to their expression in published microarray (Reinke et al., 2004) and serial analysis of gene expression (SAGE) studies (Meissner et al., 2009; Wang et al., 2009 ). The germline-enriched category includes genes whose expression is enriched in germline tissue based on a comparison of adults with and without a germline (Reinke et al., 2004) . Our germline-specific category includes genes with SAGE tags in dissected germlines and not in intestine, muscle, or nerve cells obtained by fluorescence-activated cell sorting. Our somaspecific category includes genes with SAGE tags in at least one somatic tissue (intestine, muscle, and/or nerve) and not in the germline. Our ubiquitously expressed category includes genes with SAGE tags in germline, intestine, muscle, and nerve. We also looked at X-linked genes that are upregulated in worms defective in somatic dosage compensation (Jans et al., 2009) . We determined whether genes that are misregulated in mes-4, mes-2, and mes-2; mes-4 are enriched for genes in these categories.
X-linked genes that are upregulated in mes mutant germlines are not enriched for genes that are dosage compensated in the soma (Figure 2A) , establishing that the focus of MES regulation in the germline is different from the focus of dosage compensation in somatic tissues. In all three mes genotypes analyzed, upregulated genes on the X are enriched for genes in the ubiquitously expressed category (Figure 2A ). Ubiquitously expressed genes are often among the most highly expressed (Wang et al., 2009 ), but the X chromosome is considered to be nearly silent in most regions of the WT adult germline (Kelly et al., 2002; Reinke et al., 2004) . This conundrum raised the question: Are X-linked genes that are upregulated in mes mutants normally expressed at low or high levels in the germline? We found that they are among the more highly expressed X-chromosome genes in WT germlines (as well as in somatic tissue), based on two independent transcript profiling studies on single-color (Affymetrix) microarrays (Spencer et al., 2011; Tabuchi et al., 2011 ; Figure 2B ). Thus, the MES proteins dampen the germline expression of ubiquitously and robustly expressed genes on the X.
Autosomal genes that are upregulated in mes mutant germlines are enriched for genes whose expression is normally restricted to somatic tissues ( Figure 2C) . Conversely, autosomal genes that are downregulated in mes mutant germlines are enriched for genes whose expression is normally restricted to germ cells ( Figure 2D ). We conclude that in adult germ cells, the MES proteins participate in repressing the expression of genes associated with somatic development and promoting the expression of genes associated with germline development.
Taken together, the results of our transcription profiling and gene-class analysis reveal that the MES proteins influence gene expression in a manner appropriate for germline development, enhancing the expression of certain germline genes, repressing somatic genes, and dampening the expression of X-chromosome genes that are not silent in WT germlines but instead are expressed at appreciable levels and in numerous tissues. These findings establish the importance of MES-4 and MES-2/3/6 in guiding gene expression patterns appropriate for germ cells, but raise the question as to how proteins that generate antagonistic histone modifications cooperate at a molecular level.
Methylated H3K36 and H3K27 Occupy Mutually
Exclusive Domains, and Methylated H3K27 Is Strikingly Enriched on the X Chromosome To investigate how MES-4 and MES-2/3/6 contribute to regulation of gene expression in the germline, we compared the genome-wide distributions of the histone marks they generate (H3K36me3 and H3K27me3), using chromatin immunoprecipitation followed by hybridization to microarrays (ChIP-chip). We previously established that early embryos retain a germline distribution of at least some histone modifications. In particular, we showed that MES-4 maintains H3K36me3 on germlineexpressed genes throughout embryogenesis and independently of ongoing transcription, and that embryo-expressed somatic genes have no to low H3K36me3 in early embryos (Furuhashi et al., 2010; Rechtsteiner et al., 2010) . Figures 3 and S3 extend this analysis to H3K27me3 and confirm that early embryo chromatin retains germline signatures: germline-specific genes display elevated H3K36me3 and low H3K27me3, whereas soma-specific genes display low H3K36me3 and elevated H3K27me3. These findings validate the use of ChIP analysis in early embryos to gain insights into germline chromatin.
We found that the autosomes are composed of alternating clusters of H3K36me3-bound genes and H3K27me3-bound genes ( Figure 3A) . These clusters define mutually exclusive domains of the two opposing histone modifications, with a negative correlation coefficient r = À0.82 (comparing H3K36me3 and H3K27me3 on 1 kb segments across the genome). The X chromosome is strikingly different. With the exception of the leftmost 300 Mb, the X displays very few regions of H3K36me3 enrichment, and is marked by H3K27me3 along its length (Figure 3A) . These ChIP-chip results in early embryos are consistent with the striking underrepresentation of germline-expressed genes on the X chromosome, and immunostaining results showing an absence of marks of active chromatin and concentration of repressive H3K27me3 on X chromosomes in the germline (Bender et al., 2004; Kelly et al., 2002; Reinke et al., 2004) . The results strongly suggest that MES-2/3/6 participates directly in X repression by concentrating a repressive chromatin mark on X-linked genes. The results also raised the possibility that MES-4 and/or methylated H3K36 repel MES-2/3/6 from autosomal genes that should be expressed in the germline.
MES-4-Generated H3K36 Methylation Antagonizes H3K27 Methylation on Germline-Expressed Genes on the Autosomes and Concentrates H3K27me3 on the X Chromosome To test the model that MES-4 repels MES-2/3/6 from germlineexpressed genes on the autosomes, we analyzed the distribution of H3K27me3 in early embryos whose mothers were depleted of MES-4 by RNA interference (RNAi). Confirming that RNAi was effective, MES-4 and H3K36me3 were depleted to below detectable levels from genes with germlinespecific expression, which lack transcription in early embryos . Ubiquitously expressed genes with detectable transcription in early embryos, such as ama-1, retained some H3K36me3, likely catalyzed by the other H3K36 HMT MET-1, which becomes active at the $40-cell stage of embryogenesis and is thought to methylate H3K36 cotranscriptionally ). An examination of germlinespecific genes revealed that loss of H3K36me3 in mes-4(RNAi) embryos was accompanied by acquisition of H3K27me3 ( Figures 3B, 3C, 4C , and S3). Genes that retained H3K36me3, such as ama-1, remained devoid of H3K27me3 ( Figure 3C ). We conclude that MES-4 activity repels MES-2/3/6 repressive activity from genes whose expression is associated with germline development.
If acquisition of H3K27me3 is responsible for downregulation of germline-expressed genes on the autosomes in mes-4 mutant germlines, then those genes should be restored to closer to WT levels when H3K27me3 is lost in mes-2; mes-4 double mutant germlines. Eight of the 33 autosomal genes analyzed were restored to closer to normal levels in mes-2; mes-4 compared with mes-4 mutants ( Figure S4) . The remaining 25 genes showed similar or enhanced downregulation in mes-2; mes-4 compared with mes-4. There are two possible explanations for this: (1) early action of maternally supplied MES-2 and H3K27me3 in homozygous mes mutants is sufficient to maintain repression in adults, or (2) MES-4 promotes the expression of at least some germline genes independently of repelling MES-2/3/6. We previously hypothesized that MES-4 participates in X repression by repelling a repressor from the autosomes and focusing its repressive activity on the X (Bender et al., 2006) . The above analysis suggested that MES-2/3/6 is the repressor that MES-4 repels. In support of this scenario, H3K27me3 levels were strikingly reduced on a majority of X-linked genes in mes-4(RNAi) embryos (Figures 4A and S3) . Importantly, X-linked genes that were upregulated in mes-4 mutant germlines displayed markedly reduced H3K27me3 in mes-4(RNAi) early embryos ( Figures 4B and S3 ). X-linked genes with reduced H3K27me3 in mes-4 (RNAi) are particularly enriched for ubiquitously expressed genes ( Figure 4C ). We conclude that MES-4 activity helps concentrate MES-2/3/6 repressive activity on the Xs to dampen X gene expression.
We wondered whether MES-4 repulsion of MES-2/3/6 activity helps concentrate H3K27me3 elsewhere on the autosomes. In WT early embryos, autosomal genes whose expression is specific to somatic cells generally lacked H3K36me3 and possessed H3K27me3 ( Figure S3 ). In mes-4(RNAi) early embryos, those genes displayed reduced H3K27me3, ranging from a modest to strong reduction ( Figure S3 ). Importantly, autosomal genes that were upregulated in mes-4 mutant germlines generally showed reduced H3K27me3 in mes-4(RNAi) embryos ( Figure 4B) , and both autosomal genes that were upregulated in mes-4 mutants and autosomal genes with significantly reduced H3K27me3 in mes-4(RNAi) were enriched for somaspecific genes ( Figures 2C and 3C ). These findings support the view that MES-4 and MES-2/3/6 contribute not only to promoting expression of germline genes but also to repressing somatic genes in the germline.
Conclusions
Genome-wide ChIP-chip analysis and transcription profiling have advanced our understanding of antagonistic chromatin modifications and how they influence gene expression patterns during development. We show that loss of H3K36 methylation causes global redistribution of H3K27me3 and parallel changes in gene expression. This work provides mechanistic insight into how the proteins that catalyze these histone modifications cooperate to ensure germ cell survival and development in C. elegans: MES-4 function repels MES-2/3/6 repressive activity from germline genes on the autosomes and concentrates their repressive action on other autosomal regions, including somatic genes, and on the X chromosomes. This antagonism ensures proper patterns of gene expression in germ cells, which includes repression of somatic genes and the Xs. Loss of both MES-4 and MES-2/3/6 results in loss of H3K36me3 from germline genes and loss of H3K27me3 from somatic genes and the X. This likely explains the enhanced gene misregulation and earlier sterility of mes-2; mes 4 double mutants compared with single mutants, although both mutant and RNAi approaches to elimination of gene function suffer from gradual loss of protein and uncertainty about which effects are primary and which are secondary. Loss of MES-4 or MES-2/3/6 is not sufficient to allow expression of the tested somatic proteins in the germline (Patel et al., 2012; unpublished data) . However, MES loss enables germ cells to be converted to neural or muscle fates upon ectopic expression of terminal selector transcription factors, as reported in the accompanying article (Patel et al., 2012) . Similarly, embryos lacking MES-2 display prolonged developmental plasticity and susceptibility to cell fate conversion compared with WT embryos (Yuzyuk et al., 2009 ). These studies reveal how proper chromatin states can protect cell fates, and how altering the chromatin context can enable reprogramming of cell fate.
EXPERIMENTAL PROCEDURES Immunostaining
Whole larvae and dissected germlines were immunostained and processed as previously described (Petrella et al., 2011) . The antibodies and quantification of immunostaining are described in Extended Experimental Procedures.
Microarray Analysis
Total RNA was isolated from dissected germlines and amplified (strain details and growth conditions are provided in Extended Experimental Procedures). Amplified RNA was labeled with Cy3 or Cy5, fragmented, and hybridized to microarrays made by Washington University. Microarray normalization and analysis were performed with Bioconductor tools (http://www.bioconductor. org) and custom scripts using R statistical programming language. Details are provided in Extended Experimental Procedures. qPCR Real-time qPCR was performed as described previously (Petrella et al., 2011) with total RNA from three or four biological replicates of young adult germlines as prepared for microarrays. Primer sequences are provided in Extended Experimental Procedures.
ChIP-chip Experiments
The collection of WT and mes-4(RNAi) early embryos, preparation of extracts, anti-H3K36me3 and anti-Pol II antibodies used, ChIP methods, and data processing and analysis are described in Rechtsteiner et al. (2010) . The anti-H3K27me3 antibody used was monoclonal antibody (mAb) 1E7 from H. Kimura. Normalization is explained in Extended Experimental Procedures.
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